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1 Introduction 
Studies on the mechanisms of human color vision 
have been carried out in various methods. Since 
color perception is a subjective phenomenon, the 
studies were mainly performed in psychophysical 
methods [1]. Physiological studies had been carried 
out mainly with primates until functional study on 
human brain has been recently improved. Zeki and 
his colleagues have been trying to specify “human 
V4 homologue” by using PET and functional MRI 
[2, 3]. 
However, the methods of functional imaging of 
brain, based on hemodynamic response have great 
disadvantages in investigating the temporal 
characteristics. Either EEG or MEG has higher 
temporal resolution in recording human brain 
activity, but MEG is more advantageous in the 
accuracy of locating active site. 
The primary purpose of this study is to record MEG 
response of the human brain, accompanied with the 
change in color. The secondary purpose of this study 
is to reveal the temporal characteristics of color 
sensitive brain areas in the human visual system. We 
performed two experiments: one for each purpose. 

2 Methods 
2.1 Stimulus design 

According to the nature of inverse problem, it is 
quite difficult in MEG to estimate a part of the brain, 
which is specifically activated from a certain aspect 
of the stimulus. Therefore, stimulus design would 
play a significant role in the successful recording of 
electromagnetic brain response for some particular 
aspect of perception. 

Separation of luminance and color  

In order to record clearer MEG response, it is 
necessary to minimize responses from parts of the 
brain other than the focus of interest.  
In the psychophysical experiments on color vision, 
chromatic stimulation has been often conducted 
under equal luminance (isoluminant) condition. 

Equal luminance is determined by hetero-chromatic 
flicker photometry (HFP), in which observer adjusts 
an intensity balance between two chromatic lights 
presented in fast alternation (15-20 Hz), until it 
appears flicker-free. A human fMRI study has 
confirmed that the psychophysical definition of the 
flicker photometry evokes null-response to 
luminance sensitive channel [4]. 
Change in brain activity according to the change in 
luminance is quite possible to evoke responses in 
much more spread areas of the visual cortex, than 
the case they are not activated. This is no preferable 
fro MEG source estimation. In order to clarify the 
MEG response to chromatic change it might be 
necessary to minimize the activation of luminance 
sensitive areas. 
Therefore, we performed HFP for each observer, in 
prior to start recording MEG response. The 
chromaticities of the stimulus were determined after 
the HFP. 

Selection of chromatic axes 

As it has been known in the psychophysics of 
human color vision[5], there are three primary axes 
that are defined as linear transformation of human 
cone photoreceptor responses; such as L-, M- and S-
cone responses. The primary axes are represented as 
L−M, S, and L+M. L+M axis corresponds to the 
luminance direction, and the L−M, and S stimulating 
directions are in the isoluminant plane. To strike the 
chromatic system as strong as possible, we chose 
L−M and S directions (r- and b-axes in Figure 1, 
respectively) as the primary directions. 
Sinusoidal modulation in L−M, S and luminance, for 
control, was presented in either left- or right-half of 
the screen. Spatial frequencies of the sinusoidal 
modulations were 0.025, 0.8 and 3.2 cycles per 
degree (cpd). The amplitude of modulation was 
determined to provide the strongest stimulation 
available on the screen, such as ∆L/Lw =0.08, 
∆S/Sw=0.5 and ∆L/Lw =0.5 for L−M, S and 
luminance channel conditions, respectively. ∆ 
represents increment of each cone response from the 



uniform the background, which is represented with a 
subscript w. The side of visual stimulation and the 
direction of modulation were fixed within a session. 

2.2 Apparatus 

Chromatic and achromatic stimuli were rear-
projected from an LCD projector outside on a screen 
in the MEG shielded room, which subtended 40deg 
x 30deg in visual field. Visual stimuli were 
generated by VSG 2/3 graphic board, and presented 
on the screen with the LCD projector. 
MEG apparatus was a whole head 64ch SQUID 
system (CTF, Canada). We recorded 100 trials of 
MEG response to each color reversal on the screen. 
After average was taken, digital filters were applied 
to remove gradient and DC offset, and also to limit 
frequency of the evoked field signal to 2-40Hz. 

3 Experiment 1 
In the first experiment, we tried to restrict the 
change in stimulus only in one primary axis. 

3.1 Procedure 

The direction of chromatic modulation was fixed to 
either L−M, S or luminance direction within a 
session. There were no change in pattern, no change 
in luminance, no change in stimulating channel, but 
only changed in the polarity of modulation. The 
grating modulation was reversed at interval of 2-2.5s, 
fluctuated randomly to reduce the effect of 
anticipation. 
Three color-normal observers participated in the 
experiment 

3.2 Results 

A typical time chart of the MEG recording result for 
chromatic stimulation is shown in Figure 2. 
Horizontal and vertical axes represent time and the 
intensity of evoked field, respectively. All 64 
channels data are overlaid.  
The first peak appears at around 90ms, and the 
source of activity was estimated as in the calcarine 
fissure. For the second peak appears at around 
150ms, which is characteristic for chromatic 
conditions, the source of activity was estimated in 
the ventro-occipital area. In all observers, the 
ventro-occipital area activation was clearly found in 
the S direction condition for all spatial frequency, 
and 3.2 cpd condition in L−M direction, but rarely 
found in luminance stimulating condition. 
Figure 4 shows comparison with a result of 
functional MRI experiment for the same observer. In 
the functional MRI experiment, subject was shown 
red/green or gray/white checkerboard patterns 
flickering at 10Hz. Scanner was Siemens Vision 
Plus (1.5T) and the stimulus was presented on a 
screen in the shielded room (20deg x 15deg) with an 

Figure 2: Time course of typical MEG response to
chromatic stimulus. This time chart shows overlay 
of 64 MEG signals after change in chromaticity in
S-direction for 3.2 cpd grating for observer KA. 

(a) (b) 

Figure 3: Field maps under 3.2cpd, L-M condition
for subject KA at latency = 90ms (a), and latency =
160ms(b). Clear dipole map appears at occipital
area. 

Figure 1: MacLeod-Boynton color space[5]. r- and b-
axes correspond to L−M and S directions,
respectively. 
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LCD projector outside. Statistical test (t-test) was 
applied and the area shown in the bottom right panel 
represents area of statistical significance at 1.0x10-4. 
Our results clearly show that the location estimated 
by MEG dipole analysis is very close to that 
observed in the functional MR imaging. 

4 Experiment 2 
Since the data for different modulating direction was 
taken in different session, it was difficult to directly 
compare the latency or magnitude of the MEG 
response to chromatic channels. 

Therefore, we performed the second experiment to 
compare the temporal characteristics. 

4.1  Procedure 

Three modulation conditions were presented in a 
single session with randomized order, but the 
spatial frequency was fixed to 0.8 cpd and the side 
of the visual field was fixed to either left or right. 
Data acquisition and analysis parameters are the 
same with the first experiment, except that the 
number of trials was reduced to 50 for each 
condition, in order to reduce the length of one 
session. Three color-normal observers participated 
in the experiment.  

4.2 Results 

Typical time chart of MEG responses are shown in 
Figure 5. Horizontal and vertical axes represent 
latency and evoked field intensity, respectively. Top, 
middle and bottom row represent L−M, luminance 
and S direction condition data, respectively. Thin 
bars represent first and second (if exist) peaks. In 
luminance condition, the second peak was very 
weak or does not exist. 
The latencies of the first peak in L−M and 
luminance conditions were around 70-80ms, but was 
around 90-100ms in S condition. Precise numbers of 
the latencies for each observer, in each visual field 
are shown in Table 1. This specific delay in S-cone 
stimulating condition was consistent among all 
observers, and also consistent in both right and left 
hemi field. 
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Figure 4: Cross modal comparison with MEG (top
row) and functional MRI (bottom row). Circles in the
right column show the areas of activation. 

Figure 5: comparison of 
latencies between three 
modulation conditions for 
subject TH, at the left view 
field. Time chart of 64 
MEG channels outputs are 
overlaid. Horizontal and 
vertical axes represent 
latency after stimulus 
reversal and evoked field 
intensity, respectively. 
Vertical line elements show 
first and second (if exists) 
peaks. First peak of S 
condition is clearly delayed 
than the other two 
conditions. 
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5 Discussions 

5.1 Area of activation 

The estimated area of activation for MEG response 
from chromatic reversal stimulus was almost 
consistent with the functional MRI data.  
The ventro-occipital area of the human brain has 
been estimated as the center of color information 
processing (referred to as “colour centre”). The 
areas of activations in our MEG and fMRI 
experiments locate medial side of the collateral 
sulcus; lingual gyrus [2,3,6]. 
Hadjikahni et.al. have suggested that this part of the 
ventro-occipital area corresponds to the eighth 
visual field in retinotopic mapping[7], but the 
precise location of this area is still under discussion. 
In the primate electrophysiology studies, it is 
suggested that the higher order color processing, like 
color constancy, is carried out in V4. 
Therefore, it might be suitable to refer to the human 
brain area, which plays significant role in color 
information processing, as “human V4 homologue,” 
not simply as “V4.” 

5.2 Temporal characteristics 

As shown in Figure 5, delay of the first and the 
second peaks found in the MEG time chart for S-
cone stimulation condition was consistent across 
observers. General tendency of the delay in latency 
yield from weakness of the stimulation. However, 
this could not be the case in the Experiment 2, 
because the amplitude of modulation was larger in S 
(∆S/Sw = 0.5) than L−M condition (∆L/Lw = 0.08). 
Comparing with former temporal characteristics 
study on color vision using harmonic oscillation of 
VEP[8], our stimulus contained very wide range of 
frequency at the instance of reversal. In MEG, 

especially with averaging, it might be difficult to use 
the same stimulus, and the results are not simply 
comparable. However, there is a psychophysical 
evidence that S-cone itself responds to higher spatial 
frequency input, and therefore, the delay in S-cone 
stimulation may caused from some cortical 
mechanism, in which S-cone signal is dominant [9]. 
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Table 1: Latencies in three stimulus conditions 
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